The fracture properties of two nuclear-grade graphites, the Japanese IG11 graphite and Chinese NG-CT-01 graphite, were evaluated under flexural conditions. Three-point bend tests were performed on centre-notched beams to determine the tension softening curve (TSC), Mode-I fracture toughness K IC and the fracture energy G F . The TSC of the nuclear graphites was originally determined by a newly developed incremental displacement collocation method, and was shown to be able to predict the post-peak behaviour accurately. The TSC was simplified to the bilinear, tri-linear and exponential curves. The tri-linear curve was found to be the best approximation for modelling the tension softening of these nuclear graphites.
Introduction
Due to its effectiveness in slowing down fast neutrons from nuclear fission and its excellent thermal properties, graphite is widely used as a moderator to sustain the chain reaction in nuclear reactors. However, being quasi-brittle, it is mechanically weak [1] . Therefore, components made of graphite may fracture under impact loads such as those seen in a seismic event. In addition, during operation, the neutron irradiation causes the graphite components to undergo property and dimensional changes which can generate fracture-causing stresses within them [2] . For these reasons, the fracture behaviour of graphite must be considered.
It is well known that the microstructure plays a dominant role in controlling the fracture behaviour of graphite [3] : with a higher mean particle size and density, and a smaller mean pore size, the tensile strength of graphite increases. Neutron irradiation and other ageing mechanisms can significantly change graphite's microstructure and, hence, its mechanical properties. For example, the bend strength of graphite is reduced by both thermal and radiolytic oxidation [4] . Hodgkins et al. [5] found that radiolytic oxidation increased the proportion of porosity so that the microstructure became increasingly skeletal with an associated loss of strength. While the elastic modulus and flexural strength of graphite showed an initial increase with neutron irradiation, both of them decrease at high irradiation due to the increase in voids
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[6].Yoda et al. [7] found that Young's modulus of graphite decreased with increasing applied stress as a result of increased pore volume. In addition, the tensile strength and Young's modulus of graphite may be influenced by temperature [8] .
Numerous investigations have been carried out to understand the deformation and fracture mechanisms of graphite [9] ; with some considering the initiation of fracture in unnotched specimens while others investigating the crack propagation of pre-notched or cracked components. Only a few have focused on the fracture properties of graphite that are essential for determining both the crack initiation and crack propagation criteria of graphite [10] . The crack initiation criteria for graphite are typically based on the strength of materials theory, while the crack propagation criteria are traditionally based on linear elastic fracture mechanics. More recently, graphite was found to exhibit a nonlinear, inelastic stress-strain response from damage accumulation [11] . Hodgkins et al. [12] , when investigating the crack propagation in nuclear graphite using X-ray microtomography, showed that graphite exhibited a "quasi-brittle" behavior due to the distributed microcracks in a damage zone [5] .
Therefore, nonlinear fracture mechanics must be used to fully characterise the fracture behaviour of graphite [12] .
A continuum damage mechanics model, which combined the stress-based and the fracture-mechanics-based failure criteria, was presented and proved to be suitable for 6 graphite materials [13] . In the failure model, damage initiates when the stress-based criterion is first satisfied, and subsequent crack formation and propagation is controlled by a softening interfacial constitutive law, which is essentially a cohesive crack model (CCM). The CCM is based on the Dudgale-Barenblatt [14] cohesive zone approach and has been extended by Hillerborg [15] and Needleman [16] to give a physical explanation of the fracture process. It is often used to simulate crack propagation in quasi-brittle materials [17] . To employ the CCM, a cohesive constitutive law representing the relationship of the cohesive tractions and relative displacements at the interfaces is required. The cohesive constitutive law of graphite, namely the tension softening curve (TSC), has yet to be determined directly from experiments.
In this study, a newly developed incremental displacement collocation method (IDCM) [18] , which combines the experimental electronic speckle pattern interferometry (ESPI) technique and the numerical finite element method (FEM), was used to evaluate the TSC of graphites. The parameters of the TSC, including the tensile strength f t , the critical crack opening w c , and the fracture energy TSC F G , were evaluated using notched beams under bending and compared with values reported elsewhere. Finally, the evaluated TSC in this study was approximated by bilinear, tri-linear and exponential curves, and their effectiveness in modelling the tension 7 softening behaviour of graphite was compared. To the authors' knowledge, this represents the first attempt at measuring the TSC of graphite directly.
Theoretical background

The CCM
The CCM has been widely used to simulate the fracture of quasi-brittle materials. In the CCM, the traction of the surfaces follows a cohesive constitutive law, namely a TSC, which is an important material property for fracture analysis. The TSC, as shown in Fig. 1 , is typically represented as a stress-displacement relationship of the form
where σ is the cohesive stress, w is the opening displacement in the cohesive zone, also called the fracture process zone (FPZ) and f(w) represents the TSC to be determined. The cohesive stress is assumed to be equal to the tensile strength f t when w = 0. As the cohesive crack opening increases, the cohesive stress decreases until the former reaches the critical value, w c , at which the cohesive stress disappears.
For numerical analysis, the TSC is often approximated as a linear, bilinear, tri-linear or exponential curve. The curve is typically regulated by both strength-based parameters, such as the tensile strength, and fracture-mechanics-based parameters,
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such as the fracture energy.
The IDCM
The IDCM, which utilizes inverse analysis combining a numerical model with experimental measurements, allows the TSC to be determined in a step-by-step manner. In this study, the TSC of graphite was determined using a notched beam under three-point bending (Fig. 2a) . At each loading step, only one trial cohesive stress (e.g., σ i in Fig. 2b ) forming the TSC needs to be evaluated, i.e. the one that gives the correct structural response, as predicted by the finite element model, to the current load. The other preceding cohesive stresses on the TSC, such as f t and σ 1 to σ i-1 , would have been determined in the previous loading steps. The correct cohesive stress is identified by matching the experimental displacements measured from the ESPI technique to the numerical displacements from the finite element analysis at a set of selected collocation points along the FPZ (Fig. 2c) . The displacements of the notched beam under three-point bending include the mid-span deflection δ, the notch A flow chart of the computational procedures for the determination of the TSC using the IDCM is presented in Fig. 3 . The procedures are briefly described herein.
Step 1: Extract the experimental displacements
Trial cohesive Stress to be determined
Exp.
Good approx
Fitting of P-δ or P-NMOD Fitting of COD-i th
Step 
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The ESPI technique is used to determine precisely displacements such as the mid-span deflection δ, NMOD, NTOD, the COD profile and the position of the crack front.
Step 2: Estimate the f t and E Using a finite element model, the Young's modulus E can be determined by matching the calculated and measured displacements in the linear elastic region. The model contains interfacial elements, with assigned cohesive stresses, ahead of the notch tip to simulate the FPZ. The E value mainly controls the calculated displacements at the early loading stages when the effects of the cohesive stress are small.
Once the E value is estimated, f t can be determined by satisfying two requirements: 1)
the maximum calculated stress σ max in the problem domain should be less than or equal to the f t assumed and there should be no abrupt changes or jumps in the stress profile, and 2) a positive COD within the FPZ should be ensured.
It should be noted that, at the early loading stages, the calculated displacements are not very sensitive to variation of the tensile strength; thus, the tensile strength estimated by the inverse analysis might exhibit a variation of approximately 10% to the mean value. Despite the discrepancy, variations in the fracture energy are extremely small. Therefore, such a discrepancy in the tensile strength would only have a small influence on the overall fracture behaviour of the graphite.
11
Step 3: Determine the length of the FPZ From the COD profile, the crack front and the crack rear (e.g., the initial notch tip)
can be recognized, thus length of the FPZ can be identified. In the FPZ, cohesive stresses will be assigned to the interfacial elements along the crack line.
Step 4 By assigning certain trial values for σ i , that satisfy Equation (2) and using Equation (3), all of the nodal stresses along the FPZ can be obtained.
Step 5: Input the nodal stress σ(y) into the FEM and compute the numerical displacements at the collocation points The nodal cohesive stress σ i is selected only when two additional requirements, the displacement and stress requirements, are satisfied as follows.
The displacement requirement is
where d n and d e represent the calculated and measured displacements, respectively, in terms of δ, NMOD and NTOD.
For the stress requirements, the calculated stresses in the problem domain should not be greater than f t , and the numerical stress profile in the FPZ should be a smooth curve. Prior to the formation of a fully developed cohesive crack, all nodal cohesive stresses should be positive and higher than zero.
Step 6: Proceed to the next loading step and repeat Steps 3 to 5 until the crack opening at the initial notch tip reaches w c and 0 = i σ .
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Adjust the crack rear to shorten the length of FPZ Extract experimental
Entire TSC is constructed
Select a trial cohesive stress
Input the cohesive stress to the FEM and determine the displacements d n : Step, i = 1, 2, 3…
Calculate the cohesive stress σ(y) Record (w i , σ i ) and move to next
Step i = i+1 14 
Experimental work
Specimens and experimental setup
Three-point bend tests on centre-notched beams were conducted to study the fracture properties of the isotropic IG11 graphite (IG11 Series, Toyo Tanso) and a graphite (NG-CT-01 Series) produced in China. The material properties of the graphites are shown in Table 1 . Both IG11 and NG-CT-01 use a small grain size and are both manufactured by isostatic pressing. They therefore exhibit similar mechanical and physical properties, as well as near isotropy, as shown in Table 1 . Fig. 4 shows scanning electron microscope (SEM) images (×500 magnification) of polished surfaces of the two graphites. The smaller grain size (Table 1 ) and better infiltration of the binder of IG11 can be seen. Three-point bend tests were carried out using an MTS bend fixture. The experimental setup is shown in Fig. 5 . In each test, a jack was moved upward to apply load to the beam using displacement control with a loading rate of 0.01 mm/min. As notched beams were used in the test, the main crack initiated from the notch tip and propagated along the notch plane direction. Crack growth was well controlled by a
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closed-loop servo hydraulic control system. Approximately 15 min were required to reach the peak load. The NMOD was measured by a clip gauge at the notch mouth, as shown in Fig. 5b . The complete load-deflection (P-δ) and load-NMOD (P-NMOD)
curves were recorded by a data logger. A three-dimensional ESPI system, Q300 produced by Dantec-Ettemeyer, was used to measure the surface deformation at the mid-span of the beams. The technical specifications of the Q300 system are listed in Table 3 . In the current study, the measuring area was approximately 70 (horizontal) × 60 (vertical) mm 2 . The measurement sensitivity of the ESPI system depends on the illumination arm, the object distance and the laser wavelength. With a longer illumination arm and a shorter object distance, the measurement sensitivity will be higher. A displacement resolution of 0.2 µm was achieved with the described test setup. At each loading step, the speckle pattern on the measured surface was captured by an ESPI sensor. The post-processing software ISTRA [19] was used to convert raw ESPI data into full-field displacement data. 
Load-displacement curves
The complete P-δ and P-NMOD curves of the IG11 and the NG-CT-01 series are shown in Fig. 6 and Fig. 7 , respectively. Non-catastrophic fracture was observed for both graphites, which indicated quasi-brittle fracture behaviours. Before reaching the peak load, the beams deformed almost linearly as the load increased. The plateau region at the peak was very short and the load beyond it dropped quickly, which indicated that the graphites had little nonlinear deformation in the pre-peak region and their fracture was more brittle than other quasi-brittle materials, such as concrete and mortar. The NG-CT-01 graphite showed more brittleness and a lower flexural strength than the IG11 graphite. Fig. 8 shows SEM pictures of the fracture surfaces (×500 magnification) of the two graphites, with that of NG-CT-01 showing a coarser, more granular appearance.
From Fig. 6 and Fig. 7 , it can be observed that the variations in the P-NMOD curves were smaller than those in the P-δ curves for both the IG11 and the NG-CT-01 series;
thus, the P-NMOD curves were generally more suitable for inverse analyses. 
Crack evolution
As the damage evolution and crack formation for both types of nuclear graphite (IG11 and NG-CT-01) were quite similar, only those for IG11 are presented herein. Fig. 9 shows a typical P-NMOD curve from Specimen IG11-1. Among all the loading steps selected to derive the TSC, four critical loading steps are depicted in Fig. 9 . The interference fringe patterns and wrapped phase maps of the mid-span surface of the beam at the four critical loading steps are shown in Fig. 10 .
The fringes represent contours of the displacement in the x direction. All the points on one fringe have the same displacement and the difference in displacements between two adjacent fringes is about 2 μm. A wrapped phase map contains the phase difference of the surface before and after the deformation and may jump by 2π from one point to the next. An unwrapped phase map, which relates to the real object deformation, is obtained from the wrapped phase map using a phase-shifting process to eliminate the jumps.
It can be observed from the fringes and phase maps that as the load increased, the two sides of the beam adjacent to the crack deformed almost symmetrically. The cohesive 21 crack can be identified from the discontinuity of the fringes and phase maps. The crack tip is recognised as the region with a rapid change of fringes. At the early loading stages (e.g. pre-peak P < 45% of the peak load), the crack propagated slightly.
At the plateau region of the peak load, a considerable amount of strain energy had accumulated. Then, upon further beam bending, the energy was released quickly with rapid crack propagation.
Using the software ISTRA [19] , the surface displacement fields were evaluated from the fringe data. The COD profiles at the four loading stages are presented in Fig. 11 . It can be observed that the COD profile did not vary linearly as previously assumed [20] .
Hence, nonlinear assumptions are more appropriate for modelling the COD profile, especially in the FPZ.
As shown in the figure, at the pre-peak load levels of 45% and 96% of the peak load, the cohesive crack lengths were approximately 1 mm and 4 mm, respectively. After a short plateau, the load started to drop. At the post-peak load level of 94% of the peak load, the crack length was approximately 7 mm. When a fully developed FPZ was formed, the cohesive crack length reached its maximum value of approximately 15 mm. 
Mode-I fracture toughness and fracture energy
The Mode-I fracture toughness K IC was calculated from the peak failure load using the following expression [21] :
where b and t are the specimen depth and width, respectively, S is the span, and P is the peak fracture load. Y is a geometrical factor. For an edge crack in a three-point bending test, it is given by 
where a 0 is the initial crack depth. For stable crack growth in the notched samples, all of the work from the testing machine is used to create the new crack surfaces rather than to provide kinetic energy to the sample [22] [23] [24] ; thus, the work of fracture can be obtained from the area under the load-deflection curve. According to the International
Union of Laboratories and Experts in Construction Materials Systems and Structures
[25], the averaged fracture energy can be obtained by the work-of-fracture method and can be calculated from the entire load-deflection curve by
where A 0 is the area under the load-deflection curve.
The values of the peak load P c , the displacements at the peak load (including δ c ,
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NMOD c , NTOD c ), the fracture toughness and the fracture energy of each specimen are listed in Tables 4 and 5 Tanso) , obtained by Fazluddin [27] using optical measurements in three-point bending and compact tension tests.
The peak load P c , the fracture toughness K IC and the fracture energy G F of the IG11 series are slightly higher than those of the NG-CT-01 series.
Due to the formation of the FPZ, the fracture parameters of graphite can vary with the length of the propagating crack (Δa). To examine this variation, the K-curves [28] of IG11 and NG-CT-01 were constructed using Equations (5) and (6) and the increasing crack length determined by ESPI.
The shape of the K-curves for both IG11 and NG-CT-01 (Fig. 12) is similar to the results by Allard et al. [28] . From the figure, it can be observed that the fracture toughness increases quickly during the initial loading due to the development of the FPZ. There is a short plateau region when the crack length is between 5 and 10 mm.
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After the plateau region, the fracture toughness decreases slowly due to the edge effect [28] . 
Numerical simulation and results
Description of the numerical model
The three-point bend test was simulated using FEM. Due to the symmetry of the specimen, only half of the beam was analysed. The specimen configuration and finite element meshes are illustrated in Fig. 13 . A total of 450 9-node hybrid elements [29] were used in the analysis. The bulk material was assumed to be linear elastic. It has been reported [30, 31] that the Poisson's ratio of graphite is within 0.14 -0.3. The
Poisson's ratio was found to have little influence on the overall fracture behaviour [27] , so a Poisson's ratio of 0.2 was assumed in the current study, the same value as that used in [27] . By minimising the discrepancy between the numerical and experimental displacements at the collocation points, the cohesive stress was determined at each loading step to form the TSC.
The TSCs of graphite
By using the IDCM, the TSCs determined for the IG11 and the NG-CT-01 series are presented in Fig. 14 . The TSCs can generally be divided into three parts. In the first part, where w < 5 μm and w < 3 μm for the IG11 and the NG-CT-01 series, respectively, the cohesive stress drops sharply. In the second part, the cohesive stress decreases at a reducing rate with an increase in the crack opening. At the peak load,
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the cohesive stress at the initial notch tip reduces to approximately 4 MPa and 4.6
MPa for the IG11 and the NG-CT-01 series, respectively. In the tail part, the cohesive stress decreases almost linearly with further increases of crack opening. The parameters that are used to describe the TSCs are listed in Table 6 . The estimated tensile strengths of the IG11 and the NG-CT-01 series are approximately 18.2 ± 1.3 MPa and 19.4 ± 0.9 MPa, respectively. The tensile strengths are found to be much lower than the manufacturers' specified tensile strength of ~25 MPa shown in Table 1 . Table 6 Fracture parameters estimated from the IDCM.
Specimen
No. The Young's modulus value estimated by the IDCM for the IG11 and NG-CT-01 graphite varies from 10.0 to 12.5 GPa, which is quite consistent with the previously 29 reported values of 11-12 GPa for Gilsocarbon graphite [30] and 11.6 ± 0.8 GPa for another isotropic graphite [9] . However, these values are slightly higher than the 9.8
GPa value obtained by Sakai et al. [26] for IG11 graphite.
The critical crack openings for IG11 and NG-CT-01 are found to be 43.4 μm and 49.2 μm, respectively.
With a fully developed TSC, the fracture energy can be derived from the integral 
The numerical load-displacement curves
Using IG11-1 as an example, the displacements of the beam at various post-peak loading steps were calculated by using FEM with the estimated TSC to validate its values. As shown in Fig. 15 , before the TSC was fully established, or before the FPZ was fully formed, the calculated displacements (see the solid circles in the figure) 30 were compared with the experimental results to calibrate the collocation process.
After the entire TSC was estimated the calculated displacements (see the hollow circles in the figure) were used to check its validity. An excellent agreement is observed between the numerical displacements and the experimental displacements over the entire loading process. 
Parametric analysis of the TSCs
The bilinear [33] , tri-linear [34] and exponential [35] curves are widely used to approximate the TSCs of quasi-brittle materials. To facilitate future simulations of graphite fracture using commercial finite element packages, the TSCs identified in the current study were simplified to the idealised curves using regression analysis. The idealised curves are shown in Fig. 16 . The basic parameters used to define the idealised TSC, including the total fracture energy (G F ), the tensile strength f t and the critical crack opening w c , were obtained from the inverse analysis. In addition to these parameters, each curve has its own parameters to be determined. (C) Exponential curve 32 As shown in Fig. 16c , the exponential curve was derived empirically by Hordijk [35] .
The function is expressed as 
where c 1 , c 2 and c 3 are the constants to be determined for nuclear graphite.
A complete set of parameters for defining the bilinear, tri-linear and exponential curves is listed in Table 7 . All the idealised curves could provide a satisfactory approximation for the TSCs if the initial descent of the TSC was not too sharp.
However, when the tensile strength is high and the cohesive stress drops suddenly in the initial region of the TSC, only the tri-linear curve can accurately capture the abrupt change. Thus, the tri-linear curve is the best for fitting the TSC of nuclear graphite. 
Discussions
Similar to mortar [18] , graphite shows nonlinear and quasi-brittle fracture behaviour due to the formation of a cohesive zone with microcracks. Graphite, however, has higher fracture energy than mortar, and it shows more brittleness as seen from the load-displacement curve as well as the tension softening curve. The post-peak region of the load-displacement curve and the initial part of the tension softening curve of graphite drop more quickly than those of mortar. Besides, the characteristic crack opening for graphite is lower than that of mortar. This may be explained by the smaller grain size of graphite. Rice et al. [36, 37] studied the grain-size dependence of fracture energy in ceramics and indicated that the fracture energy of noncubic materials increased as the grain size decreased. Generally, the smaller the particle size of the material, the more brittle it is. In general, however, the shape of the curves depends on both the mechanical property of the material and the test geometry. It would be much more difficult to obtain stable crack growth and gradual post-peak load reduction with unnotched specimens.
IG11 was shown to have higher fracture strength and fracture toughness than NG-CT-01, which may be due to differences in the bulk density and grain size of the two graphite series. Eto and Growcock [38] pointed out that the mechanical strength of nuclear graphite is significantly influenced by its density. Depending on the 34 materials, a 10% change in the density can cause a variation of approximately 50% in the mechanical strength. As shown in Table 1 , the density of the NG-CT-01 series is approximately 2.5% higher than that of the IG11 series. However, this does not provide NG-CT-01 with better fracture properties. Instead, the finer grain size and better binder infiltration of IG11 (Fig. 4) appear to be more important in enhancing the material's fracture properties.
Typical values of 24 to 26 MPa were obtained from uniaxial tensile tests for the tensile strength of IG11 [39] . These are much higher than those obtained for the TSC of IG11 and NG-CT-01 in this study. However, Planas et al. [40] found that for a cohesive crack in an edge-notched beam subjected to three-point bending, extremely high longitudinal and transversal tensile stresses co-exist in the cohesive crack. Hence, the material near the cohesive crack tip is actually in a biaxial tension condition.
Under such a stress state, the ultimate principal stresses for graphite could be substantially reduced [39, 41] when compared with the uniaxial tensile strength, as shown in Fig. 17 . This may explain why the tensile strength evaluated by the IDCM for the notched beams is lower than that obtained from the uniaxial tensile tests. In addition, the tensile strength may also be affected by the size effects; i.e. the tensile strength usually decreases with an increase in the specimen size [42] .
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The fracture energy calculated from the P-δ curve is slightly higher than that from the TSC, which can be explained by the mechanism of energy consumption. The fracture energy derived from the P-δ curve is based on the assumption that energy absorption takes place only in the FPZ, and all the deformations outside the FPZ are purely elastic [20] . However, a small proportion of the energy might be consumed by friction and the formation of microcracks outside the FPZ; thus, the fracture energy could be slightly overestimated when derived from the P-δ curve. Fig.17 . Experimental results of fracture strengths and the specifications of the minimum ultimate strengths of IG11 graphite [39] .
The size of the fully formed FPZ for IG11 and NG-CT-01 was estimated to be ~15 mm. This was similar to the reported size for the bridging zone thought to be responsible for the R-curve behaviour of another graphite [22] . Indeed, the formation of the FPZ was shown to be responsible for the similar, K-curve behaviour (Fig. 12) in the two graphites investigated in this study.
It should be noted that the crack front might not be straight and the characteristics of the crack might be affected by the specimen geometry and loading configurations.
Hodgkins et al. [12] showed that crack front curvature developed in compact tension specimens with greater thickness (typically > 25 mm) and that cracks propagated out of the plane of the notch with decreasing thickness (typically < 20 mm). The graphite beam in the present study had a thickness of 25 mm, and major crack deflection from the notch plane was not observed. However, since ESPI could only measure surface displacements, the actual crack front could not be established and the true crack extension/opening might be underestimated.
As mentioned, the mechanical properties of graphite are controlled by its microstructure. When used as a moderator in nuclear reactors, changes in the microstructure and mechanical properties can be caused by neutron irradiation and radiolytic oxidation. Generally, the tensile strength and Young's modulus reduce after extensive irradiation and oxidation. The fracture properties of the graphites investigated in the present study are expected to follow suit. 37 
Conclusions
In this study, the fracture properties of two types of nuclear graphite, IG11 and NG-CT-01, were investigated. By using the IDCM, the TSCs and FPZ size of these nuclear graphites were calculated through three-point bend tests on notched graphite beams. The Mode-I fracture toughness K IC , the fracture energy G F and the K-curve behaviour were also determined. The tensile strength of graphite ahead of the notch tip, which was under a biaxial tension condition, was found to be substantially lower than the tensile strength of graphite subjected to uniaxial tension. The Young's moduli and the fracture energies obtained from the IDCM generally agreed with the results from the literature. The TSC obtained was verified through the comparisons of the experimental and numerical load-displacement curves and fracture energies. Finally, the SEM images of the nuclear graphites revealed that the brittleness and fracture behaviours of nuclear graphites were affected by its microstructure.
